ABSTRACT: The reabsorption of photoluminescence within a medium, an effect known as the inner filter effect (IFE), has been well studied in solutions, but has garnered less attention in regards to solid-state nanocomposites. Photoluminescence from a quantum dot (QD) can selectively excite larger QDs around it resulting in a net red-shift in the reemitted photon. In CdSe/CdS core/shell QD-polymer nanocomposites, we observe a large spectral red-shift of over a third of the line width of the photoluminescence of the nanocomposites over a distance of 100 μm resulting from the IFE. Unlike fluorescent dyes, which do not show a large IFE red-shift, QDs have a component of inhomogeneous broadening that originates from their size distribution and quantum confinement. By controlling the photoluminescence broadening as well as the sample dispersion and concentration, we show that the magnitude of the IFE within the nanocomposite can be tuned. We further demonstrate that this shift can be exploited in order to spectroscopically monitor the vertical displacement of a nanocomposite in a fluorescence microscope. Large energetic shifts in the measured emission with displacement can be maximized, resulting in a displacement sensor with submicrometer resolution. We further show that the composite can be easily attached to biological samples and is able to measure deformations with high temporal and spatial precision.
F luorescence spectroscopy is widely used in biochemistry and analytical chemistry because of its high sensitivity. One potential issue in using fluorescence as a quantitative tool, however, is that the intensity of the fluorescence is not simply proportional to the concentration of fluorophore, due to the inner filter effect (IFE). 1, 2 The IFE is the self-quenching of a fluorophore by the absorption of a sample's photoluminescence (PL). At high concentrations of fluorophores, the measured PL quantum yield (PLQY) is lower than the true PLQY of the fluorophore, owing to the increased self-absorption. At its extreme, the IFE can result in a significant spectral change based upon the overlap of the absorption and PL of the fluorophore. 3−7 Because of the nonlinearity and major spectral changes that can occur from the IFE, it is typically viewed as a hindrance in most experiments. 1−7 In solutions, the simplest method to eliminate the IFE from measurements is to decrease the sample concentration, decreasing the optical density at the emission wavelength.
Because of this, most PL properties are typically only investigated for dilute samples.
Despite most researchers designing experiments to carefully avoid the IFE, it has seen a few potential uses in the detection of ions or small molecules in solution. 3−6 Typically, these sensors are composed of a binary mixture of an absorber whose absorption changes upon the binding of an analyte and a fluorophore whose PL is independent of the analyte. With careful tuning of the PL and absorption overlap, large changes in PL properties of the mixture can be observed upon the addition of small concentrations of analyte.
The use of fluorophores in solid-state applications generally differs greatly from solution-based applications. Many solidstate applications require fluorophores to be concentrated into films or polymers in order to enhance the PL intensity of the device. Devices such as light emitting diodes, 8−11 luminescent solar concentrators, 12, 13 wide color gamut backlit displays, 14−16 and stress-sensing quantum dot (QD)-polymer composites, 17, 18 generally operate more efficiently at higher concentrations of the fluorophore, but this makes them more prone to selfquenching and spectral changes. The IFE has not been well characterized in solid-state systems and it is unclear as to how detrimental the IFE could be for devices that depend upon light emission. Further, to the best of our knowledge, the use of inner filtering for sensing using QD arrays or clusters, in the solid-state or in structural polymers has never been demonstrated.
Here we demonstrate a thorough characterization of the IFE in QD-polymer composites using an array of techniques including transmission electron microscopy (TEM), wide-field and confocal-fluorescence microscopy, and time-resolved emission spectroscopy (TRES). Despite the high degree of monodispersity of our QDs, an appreciable shift in the PL emission due to the IFE is still observable. By careful investigation of the relation of the PL properties to the nanostructure of the composites, we propose how one could either increase or decrease the amount of the IFE occurring in the solid state. We further show how these nanocomposites can exploit the IFE and can be used as an entirely spectroscopic zheight sensor that is capable of measuring submicrometer zdeflections in both mechanical and biological systems. The nanocomposites in this work can be used to sense static and oscillatory vertical deformation with high spatiotemporal resolution and can easily interface with tissues to monitor biological deformation. Unlike existing techniques for measuring biomechanics, 19, 20 our nanocomposites could provide autofocus monitoring on a flexible substrate with submicrometer resolution. This technique could also be useful in applications such as monitoring the pressure of membranes used for gas penetration. 21 
RESULTS AND DISCUSSION
Characterization of the IFE in QD-Polymer Nanocomposites. Monodisperse CdSe/CdS core/shell QDs of diameter 7.0 ± 0.5 nm, with a PL emission maximum of 615 nm with a full width at half-maximum (fwhm) of 22 nm, were prepared via standard colloidal synthetic techniques. 22, 23 The QDs were mixed with a solution of poly(styrene-ethylenebutylene-styrene) (SEBS) in chloroform and were cast into Petri dishes and dried overnight, forming ∼100 μm thick films of QD-SEBS nanocomposites. 18, 24 Because there is not a favorable enthalpic interaction between the QD ligand shell and the polymer, the QDs tend to aggregate upon evaporation of the chloroform 18, 24 as seen in the TEM image of a microtomed sample in Figure 1 . Due to the slow drying process, the QDs are observed to aggregate into clusters, as shown in Figure 1b. The PL of the nanocomposites was investigated using a home-built, inverted fluorescence microscope setup with a 488 nm laser excitation source, which was used to locally excite the sample. The diameter of the excitation area was varied from ∼1 to 150 μm at the beam waist at a power density of ∼0.2 W/cm 2 . Using a spectrometer and imaging CCD, spatially resolved emission spectra were recorded along one spatial direction as shown in Figure 1c , where the 0 μm position corresponds to the center of the laser excitation spot. The emission intensity is plotted on a log-scale to more easily show the spectral peak shifting as a function of distance from the center of excitation. The two horizontal lines represent the beam diameter (1/e 2 ) and the dotted line is included to as a guide to the eye for the emission maximum at each position. The PL of the dots excited by the laser, hereby "primary excitation", was measured to have an emission maximum around 617 nm. This is slightly red-shifted from dilute solution PL measurements and can be attributed to a change in the dielectric constant of the surrounding environment of the dots and Forster Resonance Energy Transfer (FRET) within an aggregate. 25 Fluorescence was observed far (>100 μm) from the central position of primary excitation, indicating that the QDs are being excited by a secondary source from within the sample. The PL emission maximum monotonically red-shifts with increasing distance from the center of primary excitation, r. Normalized, stacked spectra from Figure 1c are shown in Figure 1d to more clearly illustrate the emission maximum redshift. We also explicitly show how the emission maximum (red) and fwhm (blue) of the sample change with increasing distance from the center of the primary excitation region in Figures 1e and f. The dotted black line indicates the location and intensity of the primary excitation incident upon the sample.
The continuous shift of PL to lower energies with increasing distance from the region of primary excitation manifests from the IFE within the solid-state composite. The nanocomposite is initially excited locally in the region of the primary excitation. The emission from QDs within this region is isotropic and can either exit the sample or be reabsorbed by a quantum dot with a lower-energy bandgap, which can then subsequently undergo radiative relaxation and emit a lower-energy photon. This process of reabsorption and emission naturally favors a reduction in the energy of the recycled photon because even though the QDs have a broad absorption spectrum, emission is most efficient at the lowest-energy excited state. Further, due to the intrinsic Stokes shifts of QDs, only larger QDs with smaller band gaps can reabsorb these secondary photons. 26, 27 At distances further than the primary excitation area, collected photons are more likely to have undergone one or more recycling steps because of the longer path traveled through the sample and are thus at lower average energies than the PL from the region of primary excitation.
The initial broadening of the PL with increasing position from the region of primary excitation is a bit puzzling. The nature of the IFE should progressively excite smaller ensembles of larger particles leading to an overall reduction in the inhomogeneous broadening and ultimate narrowing of the PL. However, within the first 50 μm, the fwhm of the emission shows a subtle increase. We attribute this initial increase to the convolution of emission from the region of primary excitation with that of secondary emission from recycled photons. Such a convolution would decrease with increasing distance but overall broaden the PL to lower energies. The primary excitation excites all QDs within the region and the primary PL intensity at a given wavelength is dependent only upon the size distribution. The secondary excitation excites a subset of this population, whose PL intensity now depends upon the population of secondary excited dots and the primary PL intensity. The secondary excitation will produce PL that is redshifted from the primary photon, due to the Stokes shift in the QDs. 26, 27 Thus, we have contributions from two groups of emitters whose emission centers are approximately separated by the Stokes shift. The measured PL near primary excitation is a combination of the primary emission and the secondary emission and would be expected to broaden while the emission from primary and secondary emitters are of similar intensities. The eventual narrowing is due to the decreased intensity of the primary emission and is indicative of selectively exciting a single population of QDs. 28 As distance from the primary excitation increases, the relative intensity of emission from the largest dots increases, as those are the only dots being excited. At nearly 200 μm from excitation, the fwhm is less than 20 nm (∼65 meV). This narrow line width approaches the room temperature fwhm measured for single cadmium chalcogenide QDs and is in agreement with homogeneous broadening by phonon dephasing (50−60 meV). 29−31 It is expected that at a distance far from excitation, the only emission we would observe would be that from the single largest dot in the sample.
Further evidence of the IFE was observed by investigating the importance of photon transport within the films. Nanocomposite films (index of refraction ∼1.5) were placed in contact with media of varying indices of refraction (1 to ∼1.5). By increasing the refractive index of the medium surrounding the nanocomposite, we decreased the number of photons traveling within the composite by decreasing the degree of total internal reflection. Films immersed in water and immersion oil showed a 60−75% decrease in red-shift relative to films suspended in air. This, in conjunction with its radial symmetry (Figures 1c,e), indicates the importance of intrasample photon transportation to the observed shifts, all of which are consistent with IFE being the mechanism underlying the red-shift.
With regards to the origin of the spectral shift, we have considered and eliminated other mechanisms, such as FRET, spatial inhomogeneity of the nanocomposite, and laser-induced heating. TRES decay transients of the nanocomposite at longer wavelengths show longer lifetimes than at shorter wavelengths ( Figure 2a ). In combination with the slow rise time at longer wavelengths, there are clear FRET signatures within the polymer-nanocomposite. 32 Despite these clear FRET signatures, FRET cannot be responsible for the large red-shift over the large length scale observed in Figure 1 . Specifically, FRET 
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Article DOI: 10.1021/acsnano.6b08277 ACS Nano XXXX, XXX, XXX−XXX C efficiency falls off with a 1/R 6 distance-dependence and is thus an intra-cluster effect that is limited to the spatial extents of the clustering of the quantum dots in the nanocomposites. 32 The effect reported in Figure 1 is an inter-cluster effect that operates on a much longer length scale, such that the energy transfer between clusters cannot be explained by FRET. This was further verified by investigating the extent to which FRET changes the PL spectra in our system. The PL of an aggregate with strong FRET interactions will exhibit a red-shifted PL compared to an ensemble of isolated QDs, such as that in a dilute solution or solid-state dispersion. From TEM characterization, we know that our composites have both regions of dispersed QDs and clustered QDs, so we used microphotoluminescence to assess the spatial variations of the PL within our sample (Figures 2b,c) . In contrast to the measurements in Figure 1 , the micro-PL measurements only collect emission from the region of primary excitation. In this excitation and collection scheme, we find that the areas that exhibit the greatest red-shift are highly correlated to the highest intensity, indicating that more QDs are being excited. At most, however, when the excitation and collection volumes are the same, we only observe a 2 nm red-shift over a large sample area, which is far smaller than the shifts observed in the wide-field configuration presented in Figure 1 , further indicating that FRET is insufficient to explain the shifts observed.
To rule out any laser-induced effects, the primary excitation power density was varied over 4 orders of magnitude from ∼10 −2 to ∼10 2 W/cm 2 ; while simultaneously measuring the PL, the temperature of the sample was monitored with a thermal camera (FLIR corporation) with ∼4 μm spatial resolution. We did not observe any detectable temperature rise or laserinduced red-shifts by varying the excitation power density near the flux regimes used in this work ( Figure S1a ). Further, it is known that the angle of total internal reflection is wavelengthdependent; however, changing the collection angle of the detector over 40°from normal showed less than a 1 nm redshift. Thus, we may conclude that any shifts due to changing collection angle are insufficient to describe the observed effect ( Figure S1b ). Through all of these controls, we further Tuning the IFE-Induced Red-Shift. The concentration dependence of the IFE is more complex in the solid state than in solution as we can no longer assume that the sample is homogeneous.
1,2 Clear evidence of aggregation of QDs is observed in the TEM and micro-PL scans, so we also have to consider how changes in cluster size, density, and spacing can affect the overall shift observed. Precise control of QD dispersion in polymers still remains a synthetic challenge, 18, 33 which makes it difficult fully explore these variables. By modifying the QD-polymer interactions we are able to change the QD dispersion and offer correlations that we observed in our samples and possible explanations for these correlations.
The IFE emission red-shift at 100 μm from the center of primary excitation (∼5 μm beam diameter) was measured for QD-SEBS, QD-poly(L-lactic acid) (PLLA), and QD-polycaprolactone (PCL) nanocomposites with concentrations varying from 0.05% to 10% by mass ( Figure 3 , Table S1 , S2). QD-PLLA samples were observed to be more dispersed than either QD-SEBS or QD-PCL samples at the same concentration, likely due to the miscibility of ligands in PLLA. Composites in which QDs were singly dispersed (i.e., had no cluster formation) did not exhibit measurable red-shifts. The redshift was generally strongest in the most optically dense composites, consistent with the mechanism of the IFE; 1, 2, 6 however, we found that at our highest loading of 10% by mass in the QD-SEBS nanocomposite, the sample had a decreased shift compared to the 5% loading in the same system ( Figure  3i ). Although there was an increase in QD concentration, the average size, spacing, and density of clusters changed as well. These changes in the dispersion of the QDs can have large effects on the number of reabsorption events a photon undergoes. For the range of concentrations investigated, neither the average cluster diameter, nor the average cluster spacing, show a clear correlation with the IFE induced red-shift; only the fraction of QDs in the aggregate, a proxy for cluster density, shows a purely monotonic trend with the red-shift (Figure 3j−l) .
One possible explanation is that the IFE shift is also dependent upon the photon scattering within the sample. The index of refraction in a composite can be approximated as the linearly weighted average of the volume fractions, thus higher density clusters (i.e., clusters with a greater QD volume fraction) will have a higher index of refraction than a lower density cluster, increasing the scattering cross-section at that interface. 34 In a completely nonscattering composite, an emitted photon will simply travel through the composite away from the point of emission until it is reabsorbed. For a thin, nonscattering sample, we could approximate the path length that the photon traversed as simply the radial-distance from emission. In the case of a photon being emitted in a scattering composite, the photon can scatter back toward the QD that it was emitted from before being absorbed. 34 Thus, for a photon in a scattering medium to reach the same radialdistance from initial emission, it will have to travel a longer path on average than a photon in a nonscattering medium. Such an increase in the photon's path length will increase the likelihood of reabsorption events from the IFE and cause a greater redshift in the sample. 1, 2 Another possible explanation is that the aggregated samples show a greater red-shift because photon reabsorption in a cluster can also result in additional FRET events within that cluster before it is reemitted. In this case, the energy is redshifted from both the IFE and FRET, but IFE can transport the energy from one cluster to another across the nanocomposite allowing for the large distance of energy transfer that is observed in our systems. Consequently, for an aggregated sample, a single photon absorption/reemission event could consist of more than one energy transfer event, whereas a welldispersed sample would only have a single energy transfer event per photon absorption/reemission event.
We further investigated how the shape of the CdSe/CdS heterostructure incorporated in the nanocomposite could affect the observed IFE shift. At the same loading by core mass, the spherical QDs exhibited the greatest shift, followed by nanorods, and finally nanotetrapods, which had little to no shifts ( Figure S2 , Table S2 ). From TEM, the tetrapods are observed to inefficiently pack and generate the least dense aggregates, while the spherical dots are observed to have the densest aggregates. This observation further supports the claim that scattering increases the IFE in solid samples, but we refer the reader to the Supporting Information for a more thorough description of the QD shape dependence. Among the various tested samples, we found the sample at 5 wt % of CdSe/CdS spherical QD in SEBS showed the greatest IFE red-shift.
Unlike QDs, laser dyes (rhodamine 640 and rhodamine 575) that were dispersed in the same polymer and had little to no observable red-shift. Although these samples certainly undergo the process of inner filtering, changes in PL peak maximum are more difficult to measure due to the broad line width (fwhm ∼150 nm) and the small overlap of absorption and PL which results in a low efficiency of the IFE red-shift for each recycled photon. 35 The inhomogeneity of absorption inherent in a nonuniform population can actually result in a greater red-shift than an ensemble of organic molecules whose absorption is homogeneous. In inhomogeneous populations, FRET and reabsorption events favor the transfer of energy to subpopulations with excited state energies that are lower than the donor state. As such, QDs appear to be particularly suited to IFE-induced red-shifts due to their strong absorption, size dispersion, and quantum confinement.
Using the IFE as a Displacement Sensor. We sought to explore the potential of using the IFE in our composites to serve as a height sensor. By locally exciting a small area of the nanocomposite with a fluorescence microscope we can create a material whose luminescence red-shifts monotonically about the center of the excitation from the IFE (Figure 1 ). This radially symmetric shift provides a system with the unusual property that the measured emission maximum at the center of excitation shifts in a predictable manner by simply changing the objective to sample distance, z. A reversible red-shift in PL is observed upon under-and overfocusing of the microscope as shown in Figure 4a . It is important to note that this sort of a red-shift does not originate exclusively from the IFE, like was the case in Figure 1 . Rather, it originates from the emission symmetry and the optical path through which the emission is collected.
A schematic representation of the fluorescence microscope setup is shown in Figure 4b . When focused, that is when z = f O , the focal length of the objective, light from a single point in the sample can be mapped onto a single point on the detector, or conversely, a single point on the detector can be mapped onto a single point on the sample. As z is moved by some displacement Δ, a single point on the detector now is mapped
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where d O and f O are the objective lens diameter and focal length, respectively, and the magnitude of d CCD is dependent upon the defocus distance, Δ. The measured spectrum, Φ meas , will be a sum of all the emitted light in a circle of diameter d CCD , weighted by the intensity of the emission source. 36 We can model the detected spectrum as an intensity-weighted sum of a radially independent spectrum, Φ P (λ), attributed to the primary emission, and a radially dependent spectrum, Φ IF (λ,r), attributed to the secondary emission of the IFE, where r is the radial distance from the center of primary excitation. Thus, the measured spectrum as a function of defocus distance is given by
where the intensities of the primary emission and secondary emission are I P and I IF , respectively. The PL spectrum from secondary emission, Φ IF , is modeled using the spatial dependence of the shift measured in Figure 1E , but is assumed to be independent of the defocus distance ( Figure S3 ). The primary intensity, I P , depends upon the distance from focus, Δ, and the distance from the center of excitation, r. In focus, I P has a Gaussian profile and is assumed to broaden 36 to a width of d λ ( f) as the distance from focus is changed. The increased spot size can be estimated with geometric optics based on the incoming beam diameter, d λ (i) , the focal length of the excitation lens, f λ , and the path length between the excitation lens and objective lens, h
This empirical model fits well to the experimentally measured red-shifts as shown in Figure 4 where the microscope objective was changed from a 40×, 0.6 Numerical Aperture (NA) objective (Figure 4c ) to a 100×, 0.9 NA objective ( Figure  4d ). The asymmetry in the shift, particularly present with the 100× objective, is well captured in the model. This asymmetry comes from the asymmetric change in the laser spot size upon changing the focus of the sample. By removing the back lens, the model predicts that the shift will be symmetric with increasing and decreasing focus.
Near the focus of the sample, the red-shift in emission maximum can be approximated as linear with a red-shift of 0.01 and 0.02 nm/μm for the 40× and 100× objectives, respectively. The statistical error in our peak fitting was measured to be 2.3 × 10 −3 nm ( Figure S4 ), indicating that it is possible to detect displacements with submicrometer precision, specifically with ∼460 nm and ∼230 nm z-resolution for the 40× and 100× objectives, respectively. 
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We note that improved resolution can be achieved either through optical path engineering (eqs 1 and 3) or through nanocomposite engineering (changing Φ P and Φ IF ). For example, the optical path can by optimized by changing the objective collecting the emission. When we changed from the 40× to the 100× objective we increased the rate of convolution and observed a factor of 2 increase in the resolution. By using samples with a greater IFE red-shift we imagine we could further improve this resolution. It is worth noting that our model implies that this shift can be achieved solely from the optics used and should be true for any emitter with a radially symmetric monotonic shift, not just one created by the IFE.
Because this red-shift monotonically increases with defocus, the location of the emission maximum could be used as a vertical deformation sensor. To determine the ability of the nanocomposite to sense deformations, we tested the temporal response of our system with respect to a small-point deformation of the sample (Figure 5a) . A piezoelectric motor was used to depress the composite up to 600 μm in a sinusoidal motion. The fluorescence of the sample and the film position were simultaneously measured and are shown in Figure 5b . There is good agreement between the measured red-shift of the emission (red diamonds) and the physical displacement (black line). The IFE-induced red-shift is fully reversible with no hysteresis and tracks the mechanical deformation with a high degree of precision. Because this process is purely spectroscopic, the temporal resolution is only limited by the submicrosecond photon transport within the film, 26 and by our detector's temporal resolution of, in this case, ∼0.1 s; it could be much higher with other commercially available rapid imaging detectors, such as electron multiplied CCDs (EMCCDs) or scientific CMOS detectors.
By manually scanning the sample, we show that this technique can be used to map out the spatial profile of an applied deformation. Upon indentation with a ∼500 μm diameter probe into the nanocomposite, we scanned the sample across the wide-field optical excitation area (∼150 μm diameter spot), recording the PL emission at each position in 250 μm steps (Figure 5c ). Using the known mechanical properties of membranes under z-deflections, it should be straightforward to analytically convert observed strains or deformations to stresses. 37 Such a technique could be useful in measuring the stresses and strains within various polymer membranes noninvasively. As this is a visible light fluorescence-based technique, we expect that this technique should be able to achieve submicrometer lateral resolution in addition to the submicrometer vertical resolution.
The performance of the QD-polymer composite as a height sensor also shows promise for a variety of biological processes. Because this shift is seen in multiple polymers with multiple types of nanocrystals, this type of composite should allow researchers to create a biocompatible substrate for investigating biological deformations. As a proof of concept, we show that a nanocomposite can adhere to the surface of a lung and easily detect the movement associated with the inflation and deflation of the lung (Figure 6 ). A nanocomposite film was placed on the surface of a chicken lung to which it readily adhered without any adhesives. The lung was mounted on an inverted fluorescence microscope ( Figure S5 ) and respiration was simulated via a nitrogen inlet attached to the trachea. The PL of the sample was measured as the lung was sequentially inflated and deflated (Figure 6b ). When inflated, we detected a vertical displacement of the bottom of the lung of around 250 μm and upon deflation, a clear relaxation back to the baseline was observed. Similar deformations were observed by Nguyen et al. 38 with a piezoelectric sensor on an artificially respired lung.
Although those sorts of large-scale deformations can also be studied by other techniques, 20, 39 this nanocomposite may have the potential to be applied to looking at intercellular deformations. 19,40−42 Frequently, stiff substrates are used to support cell cultures and other biological specimens examined in fluorescence microscopes. These inhibit the full range of transverse motion of biological specimens and severely limit the ability to study important biological processes such as wound healing and cancer cell proliferation that depend on the mechanical environment. Because of the use of a stiff substrate, vertical deformations in these processes have received less attention and are less well-determined than biological deformations in the lateral, x−y plane. 43−45 With a soft composite, such as QD-polymer, this technique may be able to image the dynamics of live cells, which is not yet easily measurable noninvasively. 19, 46 CONCLUSIONS Our work has demonstrated the importance of understanding how the IFE can affect the PL properties of QD-polymer composites. The size dispersity inherent in colloidal nanoparticle synthesis provides enough heterogeneity that the PL red-shifts over a third of the initial peak width within 100 μm of spatial distance within these composites. This emphasizes the need for increased synthetic control of monodispersity in QD synthesis, particularly for applications where spectral purity is important. Further, control of the dispersion of QDs in polymers is an important parameter to control the extent by which the IFE is occurring in the solid-state. Well-dispersed composites show a substantial decrease in the IFE-induced redshift compared to highly aggregated samples.
We also demonstrated that the red-shift caused by the IFE can be used as a quantitative real-time optical height sensor with submicrometer resolution in the z-dimension. Further developments could result in greater shifts by using thinner and longer polymer nanocomposite geometries, 37 softer polymers, or by increasing the scattering properties of the sample. Future applications could be diverse, including pressure-sensing membranes, metrology-sensing adhesives and coatings, and sensing z-stresses involved in tissue growth 43 and cell locomotion, 47 as well as a variety of other small-scale biological processes that have been challenging to noninvasively study in a low-cost format with high spatiotemporal resolution.
METHODS
Materials. Trioctylphosphine oxide (TOPO, 99%), selenium (Se, 99.99%), cadmium oxide (CdO, ≥99.99%), oleic acid (OA, 90%), 1-octadecene (ODE, 90%), oleylamine (OLAM, 70%), and 1-octanethiol (OctSH, ≥98.5%) were purchased from Sigma-Aldrich. Tri-noctylphosphine (TOP, 99%) was purchased from STREM, octadecylphosphonic acid (ODPA, 99%) from PCI Synthesis, and sulfur (S, 99.9995%) from Alfa Aesar. All chemicals were used in the as-received condition. Laser dyes rhodamine 640 and rhodamine 575 were purchased from Exciton. Poly(styrene-ethylene-butylene-styrene) (SEBS, MD-1537, molecular weight of 117 kDa) was provided by Kraton Corporation. Polycaprolactone (PCL, molecular weight of 80 kDa) was purchased from Sigma-Aldrich, and poly l-lactide (PLLA, molecular weight of 100 kDa) was purchased from ShenZhen ESUN Industrial Co. Ltd. Other chemicals used include the anhydrous solvents acetone, chloroform, toluene, methyl acetate, and hexanes.
CdSe Core Synthesis. Wurtzite CdSe cores (w-CdSe) were synthesized following a previously reported procedure. 23 In a typical reaction, 3 g of TOPO, 280 mg of ODPA, and 60 mg of CdO were combined in a 25 mL round-bottomed flask, and degassed under vacuum at 150°C for 30 min. The reaction vessel was then heated to 320°C under flowing argon until complete complexation of Cd was achieved. To the reaction, 1 mL of TOP was injected into the reaction solution, which was then heated to 375°C for the fast injection of Se (60 mg) dissolved in TOP (0.5 mL). Upon injection, CdSe nanocrystals were allowed to grow for 10−30 s and the reaction was cooled to room temperature. QDs were cleaned in an inert atmosphere with successive precipitation and dissolution using toluene/acetone, CHCl 3 /IPA, and hexanes/acetone as solvent/ antisolvent pairs, and were redispersed in hexanes. Overnight, a gel fraction gradually formed, presumably unreacted precursors, and was removed by centrifugation and the supernatant was filtered with a 0.2 μm pore PTFE syringe filter. 48 The cores were stored in hexanes in an inert environment. Sizing and concentrations were determined by a previously reported empirical formula. 49 CdSe/CdS Core/Shell Synthesis. CdSe/CdS core/shell QDs were synthesized following previously reported procedures. 50 In a typical reaction, w-CdSe QDs (100−800 nmol) were initially degassed under vacuum at room temperature for 1 h and then at 120°C for 30 min in a solution with either a 1:1 ratio of OLAM:ODE or a solution of just ODE. The total volume of OLAM and ODE ranged from 3 to 6 mL per 100 nmol of QDs used. The reaction was then heated under argon to 310°C, and held there for the duration of the shell growth. During the heating, a slow injection of 0.2 M OctSH in ODE and 0.2 M Cd-oleate in ODE was started at 250°C. Injection solution volumes varied between 6 and 12 mL for each precursor, but the total reaction time of 2 h was maintained. Upon injection completion, the reaction was maintained at 310°C for 10 min, then cooled to room temperature. The core/shell QDs were isolated from excess ligand via precipitation in acetone and redispersion in hexanes, repeated two or three times. Insoluble impurities were removed from solution via centrifugation in hexanes without any antisolvent. QDs were stored in either hexanes or chloroform in an inert environment.
QD-Polymer and Laser Dye−Polymer Composite Preparation. QD-polymer composites were prepared similarly to previously reported procedures. 51 In brief, solutions of 1.2% by weight polymer (SEBS, PLLA, and PCL) were mixed with the appropriate concentration of QDs in chloroform to achieve a concentrations ranging from 0.05% to 10% of QD by mass in polymer. Typically, solutions were made with ∼140 mg SEBS and ∼8 mL chloroform. The QD-polymer solutions were cast into a small glass Petri dish and solvent was allowed to evaporate slowly the course of 8 h, or were dried into a 20 or 7 mL glass vial using an in-house nitrogen line. Resulting films were typically 70−150 μm in thickness. For laser dye− polymer composites, rhodamine 575 or 640 solutions in chloroform were mixed at very low concentrations (<0.001% by weight) with polymer solutions in chloroform in order to avoid any aggregationinduced shifts. 52 The dye−polymer solutions were cast into glass Petri dishes and dried overnight in ambient conditions.
Inverted Fluorescence Microscope System with Spectrograph. All fluorescence spectra taken in this study were measured on a home-built fluorescence microscope setup, unless otherwise stated. Samples were mounted on an inverted microscope (Zeiss). Samples were excited from below with an Ar + , cw-laser emitting at 488 nm. The typical power density on the sample was ∼0.2 W/cm 2 . Fluorescence was collected through the same objective used to excite and the laser was scattered off with a dichroic mirror and filter. Photoluminescence was directed to a liquid nitrogen cooled Princeton Instruments Si CCD and was spectrally resolved with a Princeton Instruments Acton 2300 monochromator with a 300 gr/mm grating, blazed at 750 nm. The detector was calibrated daily to ensure spectral accuracy within 0.1 nm.
Transmission Electron Microscopy (TEM) Sample Preparation and Imaging. For TEM, ∼70−90 nm sections of PCL, PLLA and SEBS-QD nanocomposites were cut from as-prepared nanocomposite films using an RMC MT-X Ultramicrotome (Boeckler). Sections were cut at cryogenic temperatures and picked up onto copper grids from water. TEM images were acquired using a 200 kV Tecnai G2. For nanoparticle size distributions, more than 200 particles were counted per measurement using Image-J to analyze TEM images.
Time-Resolved Emission Spectroscopy (TRES) Measurements. Time-resolved photoluminescence measurements were performed with a Picoquant FluoTime 300 with a PMA 175 detector. The excitation source was a 407.7 nm LDH−P-C-405 diode laser. Photoluminescence decays were acquired every 2 nm between 550 and 750 nm with a repetition rate of 4.2 MHz and bin width of 128 ps.
Confocal Microscopy. Confocal photoluminescence microscopy was performed with a Zeiss 100×/1.25 NA oil immersion objective on a WITec alpha300R+ upright microscope with 488 nm laser excitation. Emitted light was collected through a 50 μm multimode optical fiber to a UHTS 300 imaging spectrometer with a 600 gr/mm grating blazed at 500 nm. The spectrum was then detected on a thermoelectrically cooled Andor DU970N−BV-353 silicon CCD. Photoluminescence spectra were collected from a 10 μm × 10 μm area of the 1.25% QD-SEBS nanocomposite. The pixel size was 100 nm × 100 nm, and the pixel integration time was 0.1 s.
Temperature Measurements of Photoexcited Nanocomposites. The PL spectra and sample temperature were simultaneously measured with excitation power density ranging from ∼10 −2 to over 10 2 W/cm 2 in order to ensure that the sample was not shifting due to any laser-induced effect, such as heating. Temperatures were measured with a thermal camera (FLIR corporation, Model#: A8303sc with a 4× microscope MWIR SC8X00 objective). Power density at the sample was measured with a power detector purchased from Thor Laboratories. The nanocomposite sample was mounted such that it was in focus of both the FLIR thermal camera and fluorescence microscope objective. Figure S1 shows the fluorescence and measured temperature of the polymer as a function of excitation power density. Aside from these measurements, all experiments in this report were performed with excitation power densities of less than 1 W/cm 2 ; thus, we do not see any heat induced effects. 53 We also see that the emission does not change over this range of fluxes.
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